PHYSICAL REVIEW C, VOLUME 61, 054615

Multiproton final states in positive pion absorption below the A(1232 resonance

R. A. Giannelli, B. G. Ritchie, J. M. Applegate, E. Betk]. Beck! and A. O. Vanderpool
Arizona State University, Tempe, Arizona 85287-1504

C. L. Morris and M. Rahwool-Sullivan
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

M. K. Jones’ R. D. Ransome, and M. Yadav
Rutgers University, Piscataway, New Jersey 08855

D. L. Watson
University of York, York YO10 5DAD, United Kingdom

K. O. Oganesjahand E. A. Pasyuk
Joint Institute for Nuclear Research, Dubna, Moscow Region 141980, Russia

F. F. Guber and A. I. Reshetin
Institute for Nuclear Research of the Russian Academy of Science, Moscow 117312, Russia
(Received 9 July 1998; revised manuscript received 19 July 1999; published 20 Aprjl 2000

Inclusive cross sections for positive pion absorption leading to final states including two or more protons
have been measured with a large solid angle detector for incident pion energies from 30 to 135 MeV for targets
with A=2-208. The mass dependences for the inclusivé,2p), (7*,3p), and total absorption cross
sections for multiproton final states were found to be proportionAl'twith n~0.5. These cross sections also
were observed to have an energy dependence at energies below 150 MeV reflective of the importance of the
A(1232) resonance, similar to that observed fat— pp. The inclusive cross sections forr(,4p) were
found to be less than 10 mb for all targets at all energies. Estimates were also obtained for cross sections for
pion absorption leading tofln and 3p1n final states. Quasideuteron absorption contributions increase slowly
with A, and the energy dependence of those contributions mirrors thatferpp. The data obtained here for
multiproton final states indicate that a significant fraction of absorption events, increasing, witbst likely
arises from final states containing fewer than two protons.

PACS numbd(s): 25.80.Ls, 25.80.Hp

I. INTRODUCTION general, early experimen{$or example, Burgeet al. [4])
determined total absorption cross sections by extrapolating
Pion absorption has been the subject of numerous studiefifferential cross sections from small solid angle detector
throughout the periodic table for a range of pion energiesneasurements. These extrapolated measurements hinted that
below, above, and at the energy of th¢1232) resonance. the absorption process was not limited to two-nucleon or
As detailed in several recent reviews of the todie-3], this  quasideuteron absorptiof@DA), but also included multi-
process represents an important component of pion-nucleusicleon absorption processes that accounted for at least 20%
reactions, accounting for not less than one-tenth of the totdbr the absorption cross section in nuclei wih-6. How-
pion-nucleus cross section at energies below 500 MeV. ever, because of the limited solid angle coverage of these
Until very recently, definitive measurements of the rela-initial studies, the estimates were ambiguous, and the relative
tive strengths of the different multinucleon final states forstrengths of different absorption mechanisms were left unde-
nuclei with A>2 did not exist because these previous meatermined. Hence, although a large amount of data exists for
surements typically were limited in solid angle coverage. Inthe total pion absorption cross sections, there are few data
that allow the determination of the individual components of
the absorption process.
*Present address: Phillips Laboratory, Kirkland AFB, Albuquer- Recently, larger solid angle detectors have begun to in-

que, NM 87117-5776. vestigate the relative strengths of the different multinucleon
TPresent address: Department of Physics, University of Washingeeaction mechanisms in pion absorption for pion energies
ton, Seattle, WA 98195-4290. above and at resonanf®&-23. In very light nuclei such as
*Present address: Department of Physics, College of William andfLi [5,6,14,17 and the helium isotopef12,13,15,18,1P
Mary, Williamsburg, VA 23187-8795. these large solid angle coverage studies have been especially
SDeceased. successful, helped in part because of the relatively small
'Present address: Department of Physics and Astronomy, Arizonaumber of possible final states allowed for modeling. With
State University, Tempe, AZ 85287-1504. these newer studies, progress has been made in refining our
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knowledge of the mechanisms involved in pion absorption aseto was a square piece of plastic scintillator 10 cm on a side
well as the role of initial and final state interactions in theand approximately 0.6 cm thick, subtending a solid angle of
process. For instance, the helium isotope studiegess than 1.5% of # sr with respect to the center of the
[12,13,15,18,1Psuggest that three-particle final states reflectBGO Ball detector. Inside the BGO Ball cavity, a 5-mm-
QDA with initial state interactions as well as a distribution of square, 0.25-mm-thick “target counter’” scintillator was
the energy and momentum for the three nucleons reflectivgjaced just upstream in front of the target. The pion beam
of phase space. incident on the target was defined as an anticoincidence be-
However, a thorough systematic study of the energy an@yeen the target counter and the beam halo veto. While par-
mass dependences has yet to be done below resonanggles could travel upstream from the target, miss the BGO
While there have been measurements of pion absorptioBall, and strike the beam halo counter, causing a false veto,
cross sections for energies below the peak of Al{@232)  the small solid angle subtended rendered the effects of such
resonance, those studies have left large gaps in the energase vetoes insignificant.
and nuclear mass dependences. With respect to improving Downstream of the BGO Ball array was a Csl crystal
understanding of the absorption process, these gaps are @étector assembly, described in detail elsewhi63. Peri-
concern since the mean free path of the pion changes marldic sampling of the particles incident on the central Csl
edly with increasing pion energy below tig(1232) reso-  detector of this downstream array in anticoincidence with all
nance. the detectors in the BGO Ball allowed sampling of the beam
We report here a study of positive pion absorption belowcomposition to determine the pion fraction of the beam. This
the A(1232) resonance with incident pion energy steps of 19nethod of determining the pion fraction directly by energy
MeV using a good sampling of the periodic table. The meaijoss particle identification is different from previous BGO
surements, performed with the BGO Balll, a 1ai@@/32 of  Ball studies where the pion fraction was determined by time
47 sr) solid angle detector, yield the mass and energy deof flight through the channel for the incident pion beam.
pendences of several multiproton final states, and provide Nine target materials were used for the measurements de-
estimates of the proportion of the total absorption cross seascribed here: deuterated polyethylefiei, 12C, 27Al, %Ni,
tion due to QDA at incident pion energies below the and?%Pb. This set of solid targets was chosen to encompass
A(1232) resonance. By comparison with measured total pio@ broad range of atomic mass with materials which are stable
absorption cross sections, observations concerning the rolger the duration of the experiment in an ambient air envi-
of final states with fewer than two protons can be made. ronment, though the®Li target was enclosed in a
25-um-thick layer of Teflon to protect the lithium metal
from oxidation. The atomic masses for the target materials
increase in steps of approximately a factor of 2 from deute-
The BGO Ball detector has been described elsewherdum to lead, providing a reasonably smooth coverage in
[5-8,10,11,2% we review here the salient details for this atomic massA. Thickness uncertainties were less than 5%
experiment. The BGO Ball assembly consists of an array ofor all targets used in this experiment.
30 detector elements subtending a solid angle of approxi- Two separate deuterated polyethylene targets were used,
mately 30/32 of 4r sr. Each detector element consists of awith thicknesses of 194 and 440 mgkniThe deuterium
plastic scintillator(providing an energy losslE measure- content in these deuterated polyethylene targets provided
mend optically and physically coupled to a bismuth ger- both an absolute normalization for beam flux using the beam
manate(BGO) crystal (providing a total remaining enerdy  monitor counters and an energy calibration for the BGO
measurement A single photomultiplier tube views each crystals using ther”d— pp reaction. Theserd— pp mea-
phoswich assembly. Each element is placed on 1 of 30 sidesurements were made frequently during the data runs at each
of a 32-sided truncated icosahedron. Two opposing faces agnergy, including just before and immediately after target
left open for passage of the beam and for introduction ofthanges, to monitor any changes in beam content or detector
target holders and beam monitor counters within a cavity irfunction and to provide corrections for those changes. Abso-
the interior of the Ball. lute normalization was accomplished using the results of a
The experiment was performed in the Clinton P. Ander-parametrization of therd— pp cross section resul{®7].
son Meson Physics FacilityLAMPF) Low Energy Pion The °Li, 2C, ?’Al, and ®Ni targets had thicknesses of
Channel[25]. Incident positive pion energies of 30, 45, 60, 230, 279, 204, and 290 mg/énrespectively. Two different
75, 90, 120, and 135 MeV were used for primary data col-?°Pb targets were used, with thicknesses of 206 and
lection for all targets(Additional data at 55 MeV were taken 618 mg/cm. The different thicknesses for the deuterium
for ¥°C.) Using the momentum slits of the channel, beamand lead targets permitted comparisons of variation of event
intensities were adjusted to maintain acceptable singles ratésgger rates and results obtained for the highest and lowest
in the BGO Ball detector elements and beam monitoringmasses; no significant variation was observed.
devices described below. This generally resulted in pion The targets were positioned at the center of the BGO Ball
beams with fluxes of less than “(ions/s. cavity perpendicular to the incident pion beam and touching
The pion beam passed through a lead collimator with arthe target counter noted above. Positioning of the target
aperture 1 cm in diameter before passing through a “beanwithin the BGO Ball interior cavity was accomplished by
halo veto” scintillator positioned approximately 25 cm in attaching each target to a paper tube mounted atop a hollow
front of the entrance port of the BGO Ball. This beam halopolyethylene shell. This thin polyethylene shell was in the
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FIG. 2. Observed summed proton energy histogramgoat
shape of the missing downstream element of the truncatetl =75 MeV. (a) 3p spectrum(b) 2p spectrum.(c) Summed en-
icosahedron. An “empty” target, formed by a paper tubeergy spectrum given irfb) with events selected using “back-to-
and polyethylene shell identical to the normal target holdersack” criteria discussed in Sec. IV C.
without any target material attached, was used to determine
backgrounds related to the target holder assembly and targgénerated directly from absorption events using the trigger
counter so that those contributions could be subtracted.  conditions, particle identification, and energy calibrations de-

The hardware trigger for events for which results are rescribed above and, thus, are the most direct observations
ported here required two or more elements in the BGO Balmade in this series of measurements. Other than removal of
array hit by particles in coincidence with a valid beam onempty target contributions, these spectra have none of the
target event as described above and in anticoincidence with
any hit in the central detector of the downstream array. As 20 y
the hits in the BGO Ball could arise from the passage of any (a) "°C summed 3p
charged particles, neutrons, or gammas into the array, par-
ticle identification was required in order to ascertain the final
state giving rise to the event trigger.

Particle identification and coincidence spectra with se- s}
lected multiplicities were determined from the BGO Ball us-
ing E-dE spectra. The anode signals from the photomulti-
plier tubes on the BGO Ball array were time sliced to
provide bothdE (fast gated, 70—100 n&indE (slow-gated,
500-600 ns signals from the plastic scintillator and BGO
crystals, respectively. A typical calibratdetdE spectrum
for an incident pion energy of ,.=60 MeV is displayed in
Fig. 1. Protons, pions, deuterons, and neutfalther neu-
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trons or gammashave clearly distinct bands, as seen in the o=
figure, resulting in reliable particle identification. The proton (€) "C 2p back-to-back
multiplicity was established by counting the number of pro- or
tons detected in the BGO Ball. In this manner two-, three-, o0 b
and four-proton inclusive coincidence spectra were mea-
sured. 100 |
Contributions from the polyethylene shell holding the tar-
get material were removed by subtracting a properly normal- % o o 0 200 0
ized spectrum obtained with the empty target shell at the SUMMED PROTON ENERGY (MeV)

same energy.
Typical resulting summed proton energy spectra for 2 FIG. 3. Observed summed proton spectra € at T,
and 3 events are illustrated by Figs. 2—6. These spectra are 75 MeV. (a), (b), and(c) are as in Fig. 2.
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FIG. 6. Observed summed proton spectra f3fPb at T
=75 MeV. (a), (b), and(c) are as in Fig. 2.

corrections described in subsequent sections applied to thefghere two or more protons were detected and there was no
Both the 2 and 3 summed proton energy spectra are seerpther detected particle. The large solid angle coverage allows
to be similar to previously published spectra for these sameejection of most charged pions, but there is still the possi-
nuclei[5-8,10,11,14,16,17,20,21
The cross sections reported here are based only on eventgmination for missing a charged pion can be estimated from
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FIG. 5. Observed summed proton spectra fSNi at T,
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bility that a pion can be missed for some reason. The con-

the (#*, 7" pp) cross section. In addition, neutral pions may
be observed from the two-gamma decay of #fe The con-
tamination from missing a neutral pion can be estimated
from the observed#™,pp two neutral cross section. Be-
cause the detection probability for high-energy photons is
quite high(close to 100% compared to neutron@5% for
100 to 200 MeV neutrons and falling to zero for lower en-
ergy neutrons most two neutral events are due #§ de-
cays.

In each case we find the observed cross section to be less
than 1% of the total @ cross section, indicating an insignifi-
cant contamination level from unabsorbed pions. This is as
expected. The total energy required to remove two protons
from the nucleus and give both at least 15 MeV for detection
is about 60 MeV, which is kinematically impossible at the
lower energies and unlikely at the highest energy of 135
MeV. There is also no evident enhancement of the cross
sections in the missing energy spectrum for the region where
nonabsorption is possible, i.e., missing energies greater than
165 MeV.

Events in which two protons with sufficient energy to
guarantee that the pion was absorbed were seen in coinci-
dence with one or more neutrals, which are assumed to be
primarily neutrons. The fraction of such events was small, as
expected from the low neutron detection efficiency of the
BGO crystals. Because the neutron detection efficiency is
strongly energy dependent, the energy spectrum of the neu-
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trons is not known, and the efficiency is not very well scattering out of the crystals into the nickel support cans.
known, efficiency-corrected neutron yields would be insuffi-This spreading of the proton band in td& vs E plots can
ciently accurate to be of use. Thus, the analysis presente@sult in misidentification of protons. Also, protons, after en-
here is based solely on the energy information provided byrgy losses within the target material, must have energies of
the protons. The presence of neutrons in the final state was least 10 MeV or so to surmount the BGO Ball detection
inferred from the results of the simulations of the observedhreshold.(This 10 MeV threshold is mainly due to the 0.05-
proton energy spectra, as described below. As noted abovem-thick nickel window of the support cangross sections
events where any neutral was detected were omitted froraorrected for these inefficiencies utilizing the Monte Carlo
analysis. phase space simulations of the BGO Ball response are called
While deuteron particle identification was clear, the esti-corrected cross sections
mated corrections for reaction losses for final states contain- (d) The combination of all three analyses describetin
ing deuterons following pion absorption were very sensitive(b), and(c) results in thenclusive cross sectionsvherein a
to details of target materials and interactions in the BGO Balparticular number of protons in the final state, accompanied
elements. The resulting corrections possessed sufficient arby any number of neutrons but no detected pion or deuteron,
biguity that cross sections for such final states could not bés selected. The 2, 3p, and 4o inclusive cross sections are
determined without very large uncertainties. Thus, cross sedabeledo??, o3P, ando*?, respectively.
tions for final states containing deuterons are not reported (e) Observed corrected cross sectiofigyscorr, derived
here. All events containing deuterons detected in the BGGrom analyseqa) and (c), have been corrected for missing
Ball were excluded from the analysis presented here. solid angle, etc., but have not had contributions subtracted
due to higher multiplicity events using the Monte Carlo pro-
cedures described below. These cross sections are thus not
affected by any assumptions inherent in the simulations other
The large number of cross sections presented in this worlhan those required to correct for missing solid angle and
require categorization for clarity. Cross sections can be cateaction losses.

IIl. DEFINITION OF CROSS SECTIONS

egorized according to which tyf® of analyses were per-  (f) With analysega)—(c) and the phase space simulations
formed. Here we outline the procedures used for extractingescribed below, it was also possible to estimate exclusive
the categories of cross sections. cross sections for@ln and 31n final states, denoted2P:"

(a) Cross sections determined directly from the summedand o221, respectively.

proton energy spectra observed with the BGO Ball are called (g) The sum of the inclusive cross sections for a given
observed cross sections,,s. Observed cross sections,s  target/energy combination provides a total cross section for
thus represent the most basic of the cross section measungion absorption leading to multiproton final states for that
ments undertaken here. Eagh, was calculated by normal- target/energy combination. These are denoted"ds
izing the observed summed proton energy spectra to the total (h) QDA cross section estimatas?®” had a different
number of incident pions and the target areal density for thelata reduction procedure explained in more detail below.
specific event trigger multiplicity selected, such gs@& 3p.
Eacho,,s Necessarily contains strength from higher proton
multiplicity absorption events due to undetected protons. IV. ANALYSIS TECHNIQUES FOR SUMMED PROTON

(b) Using the event trigger described above, observed in- SPECTRA
clusive spectra for a given proton multiplicitg.g., two pro-
tons can include events with higher proton multiplicity.g.,
three or more protonsf the additional protons are not de- Because BGO Ball measurements cannot determine the
tected. Thus, the higher-proton-multiplicity final states con-true final state nucleon multiplicity of every event owing to
taminate the observed spectra for lower multiplicity eventshe inefficiencies and limitations described above, a Monte
due to undetected protons in the latter spectra. These co@arlo simulation of the BGO Ball's ability to differentiate
taminations may be modeled and removed as described bbetween the different multinucleon final state spectra was
low. Cross sections for a given multiplicity which have hadused to analyze the data. The simulations model the exact
contamination due to higher-multiplicity events removed us-geometry of the BGO Ball, target thicknesses, reaction
ing the Monte Carlo simulations described below are redosses, neutron detection efficiency, and the proton detection
ferred to ageduced cross sectionsor example, the reduced threshold. Details are given in Refk] and [24]. These
2p inclusive cross sections result from events in which twosimulations enabled decomposition of the observed inclusive
and only two protons are in the final state, with no pion or(=*,2p) and (7 *,3p) cross sections for each target at each
deuteron but any number of neutrons in the final state. energy into reduced two- and three-proton cross sections.

(c) Some protons are missed due to inefficiencies of the The Monte Carlo simulations assumed that each pion ab-
experimental setup. For example, the BGO Ball misses apsorption involving more than two nucleons took place on a
proximately (2/32) of the 4 sr solid angle due to beam quasifree nucleon cluster within the target nucleus, which
entrance and exit holes. Additionally, the nickel support canshen decayed according to the phase spgfess the binding
subtend about 5% of th€80/32 of 47 sr covered by the energy of the clustgravailable to the multinucleon final
BGO Ball. At all energies, final state protons lose energy duestates. This approach was used previously in unfolding mea-
to nuclear reactions within the BGO detector elements and teured spectra taken with the BGO Ball, and gives a reason-

A. Phase space simulations
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able description of the observed inclusive spectra. As foundvas not possible without considerable ambiguity. That re-

in previous BGO Ball studies, any excitation energy assumedidual strength was generally relatively small.

for the residual nucleus has only insignificant effects on the 4p inclusive cross sections were measured, but no decom-
momentum and energy sharing, so excitations of the residuglosition of those very small cross sections to specific exclu-

nucleus were ignored in the simulations here. sive final states was possible due to low statistics.
For the purposes of simulating the response of the BGO
Ball to neutrons, procedures similar to those used in previous B. Deconvolution of inclusive spectra

BGO Ball studies were usd8,6,11]. Neutrons with energies )
less than 30 MeV were assumed to be undetectable. For neu- 1 N€ procedure for unfolding the measured spectra at each
trons with energies greater than 100 MeV a constant 259nergy and for each target proceeded in the following man-
detection probability was assumed, with a linear interpolaier. The observedBsummed spectra were fitted first, and,
tion used within the 30—100 MeV range. as noted above, those spectra were generally dominated by
Nearly 1500 phase space distributions for pion absorptio@pln contributions. This fit to the observedp3summed
on nucleon clusters for each of the target nuclei at each inspectra consequentlfixed the number of p and Jpln
cident pion energy were generated. Final states simulateglvents which could be present in the observedsmmed
included the BGO Ball response fop@n, 2pln, 2p2n,  spectra. The g contributions to the @ and 3 distributions
3p0n, 3pln, 3p2n, 3p3n, and 40n. The output of these were fixed using the simulated response of the BGO Ball to
simulations predicted the BGO response in terms of the oba 4p0n final state and the observeg £ross sections.
served 4, 3p, and 2 inclusive spectra and angular distri-  \when fitting the observed®summed spectra, the total
butions. For example, the simulation generated a given totglymper of particles in each of the&n simulated was a free
number of $1n final state events. For eaclpBn event  yarameter. The@Ln contribution dominated the@spectra
generated, tests were made on each of the particles to detgg; g pyt 61, The 2pOn phase space distribution fit was
mine if the event would be detected by the BGO Ball apa 3 performed on the spectra below 100 MeV excitation energy

event(where the BGO Ball did not detect the neutram a b . o o
. ecause the higher multiplicity phase space distributions can-
2p event(where the BGO Ball did not detect the neutron andnot reach the higher summed proton energy region due to the

one of the protons These simulatedi2and 3 distributions necessity of providing the extra separation energy for the

from 3p1n events were then fitted to the respective Observe%dditional nucleon. Furthermore, past BGO Ball resfit
2p and J inclusive spectra simultaneously with other POS-idicate the the summedespect,ra below 30—75 MeV ex-

sible final states. . . ) L
o . . itation energy i min DA r Iting in onlp 2
When fitting the simulated multinucleorpn and Jpxn E;ZT 2tatise gy is dominated by Q esulting in onlp

pha_ltste S?aiﬁ d|str|but|01(gyhereé< is the nl:mber of rPe“”"”S The resulting fits are illustrated in Figs. 7—11. Again,
emitted to the measuredBand 2 spectra, no unique so- there is some ambiguity in the relative importance of contri-

Iut|qn for the combinations of _the_vanous final states wWasy) ions from final states representing absorption on five or
obvious, as a number of combinations were found to fit th%ore nucleons. but those contributions are small

observed spectra equally well. This ambiguity has been Except for 2%%Pb, the second largest contribution to each

noted previously with respect to analyses of BGO Ball datebb
. served p summed spectrum was the@Bn phase space.
(for example, Ref[S]). However, the fits to the summed | " ZOBP% spectra, azizable fractionq?)f thg eventspwas in

gtrgttgg vs\‘/ﬁﬁcgirag? %%zlpﬁhec?e%;hzggnit:bpuatlr?igzI;rrorgglrgi- he low summed proton energy region. Hence, a considerable
nated by the P1n and 31n contributions. Most of the amount of 2n and 23n phase space was needed to ac-

ambiguity in the fits lies in the degree to which the Smallcount for that part of the spectrum. Although the phase space

fits to these regions are ambiguous, the strength at low

strength which remains after the final states with four of e immed proton energy could be evidence for contributions

fewer nucleons have bge_n_ strl_pped away is apportioned tf’?om final states with more than four protons.
each of the higher multiplicity final states.

For each combination tried, the multinucleon portion of
the higher-energy part of the spectra could not be fitted with-
out a substantial contribution from =(",2p1n) and A long-standing question in the study of pion absorption
(7*,3pln) final states. The size of these two contributionsconcerns the importance of quasideuteron absorption.
resulted in generally unambiguous estimates of theifThough defined variously in the literature, the kinematical
strength. This permitted the determination of cross sectionsignature of QDA for positive pions is generally agreed to be
for exclusive absorption processes leading to only two prothe emission of two protons with equal and opposite mo-
tons, only two protons and one neutron, and only three promenta in the center-of-mass systemhich we will call
tons and one neutron; these were extracted from the observétack-to-back” henceforth as if the process had occurred
inclusive proton spectra, based on the strengths found in then a proton-neutron cluster. A further restriction usually ap-
simulations. At the same time, because of the overwhelminglied is that the angular distribution of the outgoing protons
predominance of theln and J1n final states, the reduc- be proportional to cd$6, ,,) as in the free process. Absorp-
tion of the higher residual nucleus excitation energy regiongion on quasideuterons deeply bound in the nucleus or ab-
of the spectrawhich corresponds to lower summed proton sorption on a quasideuteron following excitation of the
energy into specific final states with more than one neutronnucleus can result in QDA strength which follows the

C. QDA strength estimates
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FIG. 7. Observed summed proton energy histograms with phase g 9. Same as Fig. 7 fofAl at T,=75 MeV. An additional
space simulations fofLi at T, =75 MeV. The phase space con- phase space contribution fronp2n is indicated by the thin solid
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tional phase space contribution fronp3n is indicated by the thin

FIG. 8. Same as Fig. 7 fdfC atT,=75 MeV. (a), (b), and(c) solid line at lower summed proton energy as in Fig(&, (b), and
are as in Fig. 7. (c) are as in Fig. 7.
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FIG. 12. Angular dependence of observed summed proton en-
ergy spectrum fof’Al at T,=75 MeV with back-to-back cut im-
posed. The back-to-back cut is described in Sec. IV C. Also shown
are the phase space distributions of Fig. 9, with the same back-to-
back cut imposed scaled as discussed in the text. Spectra are shown
for mean laboratory scattering angles of 37.3°, 63.6°, 79.1°,
100.9°, 116.4°, and 142.7°. The lower portion of each panel dis-
plays the spectrum for the particular scattering angle with the phase
space contributions shown in the upper section of each figure nor-
malized and removed as discussed in the text.

YIELD (arb. units)

100

0 50 100 150 200 250

SUMMED PROTON ENERGY (MeV) ) , ,
these rings using the same back-to-back and scattering angle

FIG. 11. Same as Fig. 7 fo®®%b atT,=75 MeV. An addi- requirements placed on the data.

tional phase space contribution fronp2n is indicated by the thin The observed back-to-back angular distributions then
solid line at lower summed proton energy as in Figs. 9 andd0.  were assumed to be made up of three components. One of
(b), and(c) are as in Fig. 7. the components was designated “unperturbed QDA,” in

which two protons were emitted with a summed proton en-
cog(6,,,) angular distribution but yields lower summed €9y in excess of that feasible for two nucleons resulting
- from a three-nucleon phase space distribution in which one

proton energy than in the case for ground state absorption. .
We have modeled the presence of these two QDA Com[1ucleon was undetected. This component should have an an-
gular distribution proportional to ¢4, ,), where the

ponents in our data in the following fashion. First, back-to- _ o . .
back tests were put on the two proton event data: histocenter-of-mass kinematics is appropriate for a deuteron being

grammed events were restricted to those events with E£moved from the target nucleus. This unperturbed QDA

coincidence between a proton detected in one detector arﬁg)ntribution can be seen, for instance, in the bottom portions

another proton detected in one of the seven or eight contr&! Figs. 7—13 for summed proton energies above thére

positioned detectors. The contraposition criterion was dePase space prediction. A second QDA component was des-
fined by the kinematics of the free*d— pp reaction less ignated “2pln QDAY this component was that portion of

the binding energy of the deuteron to the target nucleusN® observed proton yield which followed the &0 m)

After fitting the phase space distributions to the full accep-2€havior of unperturbed QDA but fell in the region domi-

tance spectra as outlined in the previous section, the phag&ted by the p1n phase space yield. The cross sectlD%ns for
space distributions were regenerated with this same back-té0€Sé two components are designatedotly” and o317,
back restriction. These back-to-back distributions are seen ifgSpectively.
the lower portions of Figs. 2—6; the corresponding phase
space distributions, with similar restrictions, are shown in the 7
lower portions of Figs. 7-11

Next, the full angular acceptance of the BGO Ball was
broken up to develop coarse angular distributions for the
back-to-back events in the summed proton energy spectra.
The full detector complement of the ball can be broken into
“rings,” where each ring includes those crystals distributed
in an azimuthal ring about an axis running along the incident
pion beam through the BGO Ball; crystals in a ring thus fall
along a common scattering angle. The back-to-back spectra !
from each ring of BGO Ball counters férAl and °®Ni at 75
MeV, typical of this analysis for other nuclei, are illustrated
in the upper portions of Figs. 12 and 13. Also shown in those FIG. 13. Same as Fig. 12 f6fNi at T,=75 MeV using phase
same figures are the phase space distributions sorted ingpace distributions shown in Fig. 10.

6=373" | 9=636° | 0=79.1° | 6=100.9° [ 6= 116.4° |6 =1427°

100 200 0 100 200 0 100 200 © 100 200 O 100 200 O 100 200

SUMMED PROTON ENERGY {(MeV)

N
&

YIELD (arb. units)

o
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The third component assumed was the contribution due to 5 T

ZAl(n*,2p)*Mg

processes other than QDA. The phase space distributions
were used in modeling this component. The angular distribu- 4t
tions generated from the phase space distributions were fitted
to the higher excitation portions of the summed proton en-
ergy data with the back-to-back tests for each row. These
adjusted phase space distributions were then subtracted from
the data. The adjustments of the phase space distributions for
the various rows were subject to the constraint that the total
yield from all rows was fixed by the phase space fits to the
full angular acceptance, such as those shown in Figs. 7—-11
for 75 MeV. Typically, the phase space distributions re-
quired enhancements by factors of 1.5-2 in the forward
angles and reductions by factors of 0.6—0.8 in rows 3 and 4
(near 90°). These enhancements at forward angles and re-
ductions at back angles are suggestive of the modifications of
phase space discussed by Snstral. for He and by[28]
and Simievic and Mateod29] for the general case of ab-
sorption involving three nucleons, but are smaller in magni-
tude than found in those works.

Finally, cross sections were then calculated from the
strengths of the unperturbed QDA angIh QDA contribu-
tions to these fits by correcting the observed yield for miss-
ing solid angle and reaction losses, giving the cross sections ol——— L

o$2" andaSy . Typical angular distributions for?P* are 0.0 0.5 1.0

shown in Fig. 14. The sum afS>* and o), was assumed cos? 0

to estimate the total contribution due to QDA, denoted cm.
QDA

g .

do/dQ, ,, (mb/sr)

FIG. 14. QDA differential cross sections and fit for QDA 2
strength in?’Al and 8Ni at T,=75 MeV, as detailed in the text.
V. RESULTS Uncertainties shown represent estimates for normalization uncer-

. . . ) ) . tainty and statistical uncertainty.
The inclusive pion absorption cross sections for various

final states determined in this work using the techniques desurements reported here. Since, as will be seen below ghe 2
scribed above are given in Tables | and Il. Statistical uncereomponent of the multiproton final states dominates the
tainties for the inclusive @ cross sections?” range from a  cross sections at these energies, this discrepancy points to
maximum of 8% for the 45 MeV data to below 4% for all underlying missing strength in the cross sections measured
other inclusive » cross sections listed in Tables | and Il. here, as discussed below.
Propagation of systematic uncertainties, including normal- Figure 16 illustrates the energy and mass dependence of
ization uncertainty, yield uncertainties ranging from aboutthe 3p inclusive cross sections®? listed in Table II. Again,
10-20% with the majority of cross sections having less thanhe figure includes previous BGO results fop 8ross sec-
15%. Conservatively, then, the absolute uncertainties may bgons at T, =50, 100, and 150 MeV, with the assumption
assumed to be less than 25% for @ cross sections. that proton multiplicities above 3 contribute negligibly to the
In Fig. 15 the inclusive P cross sections?? from Table  3p inclusive cross sections; this assumption will be justified
Il are plotted. The figure includes previous BGO results forbelow. Statistical uncertainties for these clusive cross
2p cross sections af,,=50, 100, and 150 MeV corrected sections range from a maximum of 27% for the 45 MeV and
for contributions from higher multiplicity events. The cross 17% for the 30 MeV lead data to below 6% for all othgy 3
sections shown in Fig. 15, with their associated uncertaintiesnclusive cross sections. Propagation of systematic errors
were fitted to an exponential mass dependem€€,) <X A"  yield overall uncertainties ranging from 15% to 44% with the
with an underlying smooth energy dependence. The expamajority having values less than 20%. A conservative esti-
nentn for this mass dependence was determined to be 0.4@hate of the uncertainties for the data is 25%, except for the
+0.02, with ax? per degree of freedom of 1.4. This is 45 MeV data where the uncertainties are around 45%.
roughly consistent with the mass dependencé\ %t found These inclusive £*,3p) cross sections increase by fac-
by Favieret al.[30] for the (=" ,2p) inclusive reaction at 76 tors of about 10—40 for the energy range studied here. The
MeV. The rise with energy for thesep2cross sections is exponential mass dependent®of these cross sections was
somewhat steeper than that seen #ord— pp, suggesting determined in the same way noted above for tpedata to
roles for components of the absorption reaction process othéye n=0.47+0.03, with ay? per degree of freedom of 1.6.
than QDA. The mass dependence for the tatalabsorption  This fit includes the results of Ransoraeal. [5,6,8 at 50,
reaction measured by Ashest al. [31] was A" with 0.75 100, and 150 MeV, with the exception of the 3nclusive
<n=<1.0, considerably higher than the anclusive mea- lead cross sections which increased fHeto 2.2.
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TABLE |. Observed cross sectiong, oops, andogpscorr when corrected for detection thresholds, missing solid angle,
as described in Sec. Ill. All cross sections are in mb. Uncertaintiegtc., are negligible.
are discussed in the text. Total multiproton absorption cross section8® were de-
termined by adding the inclusivep?2 3p, and 4o cross sec-
Nucleus T-(MeV) Tobs Tobs! Tobscort tions and assuming that higher proton multiplicities are in-
6L 30 17 0.30/0.78 significant. These absorption cross sections do not include

contributions from final states which include detected deuter-

45 18 0.40/2.3 . . . . .
60 20 11/25 ons or inclusive §|ngle proton f!nal states. The total mul_t|pr(_)-
75 38 13/23 ton pion absorptl_on cross sections mferreq are shown in F_|g.
90 57 27149 18. The uncertainties in these cross sections are esser_ltlally
120 23 25183 those for the inclusive 2 cross sections; i.e., the uncertain-
' : ties range from 10% to 20% with the majority of values
120 1;’(? 12232 g; 8/ /1(7) - having uncerta_int_ies less than 15%. A congervative estimate
: : for the uncertainties for these total absorption cross sections
45 36 0.45/2.1 leading to multiproton final states is 25%.
55 43 15733 Again an exponential mass dependence was found for
60 56 1.8/42 these total multiproton pion absorption cross sections, using
75 72 221744 A" with n=0.46+0.02 with a y? per degree of freedom
90 100 35/76 equal to 1.3. The previous BGO Ball results at 50, 100, and
120 144 49117 150 MeV of Ransomest al. [8] as noted above were also
135 170 55/32 included in these fits and are consistent with the current re-
27p| 30 38 0.51/1.4 sults. The energy dependence reflects the general dominance
45 45 1.41/6.7 of the 2p inclusive reactions for the region below resonance.
60 68 36/84 This behavior also most likely reflects the underlying impact
75 109 3.9/8.3 of the A(1232) resonance, just as is seen for the reaction
90 155 75117 mtd—pp. However, it is seen in the figures that, in all
120 215 8.5/ 30 cases, the rise with energy in the multiproton cross sections
135 250 6.3/ 46 is greater than in the case of"d—pp.
58N(j 30 42 071/1.9 Utilizing the phase space ca_lculatlons, excluswe
45 84 1.7/10 (7*,2p1n) and (7",3pln) cross sections were estimated.
60 94 6.2/14 These reduced and corrected cross sections are listed in
75 160 57711 Table Il. The uncertainties ranged between 15% and 20% for
90 196 88719 the (w",2p1n) cross sections and between 20% and 25% for
120 293 13/ 47 the (7*,3p1n) cross sections. _ _ _
135 338 98/71 Unperturbed QDA cross sections are given in Table Ill.

208p, Statistical uncertainties in these cross sections are less than

30 8 22158 10%. The overall uncertainties in these estimated cross sec-

45 90 20/9.8 ) DA :

60 127 28/16 tions are on the order of 20%. Ths;s,;, cross sections are

75 244 8'7 /16 also presented in Table Ill. As a result of the assumptions

9 977 1'0 [ 22 made in determining these cross sections, their uncertainties
are on the order of 30%. Total QDA absorption cross sec-

120 360 16756 tions estimates°°” were derived from the sum of columns

135 407 24 | 65

3 and 4 in Table Ill and are listed in the last column. These

oQPA cross sections are plotted in Fig. 19. The trend of these

cross sections is very similar to that of the fre€d—pp
Although the % summed spectra were not empty, thesecross sections, which are also plotted in Fig. 19 for compari-

data are presented with a cautionary note. The observesbn. The statistical uncertainties in these total cross sections

(7" ,4p) cross sections have values less than 1 mb and hawegere less than 10% and propagation of systematic errors

uncertainties ranging from 50% to 100%, results consistenyield uncertainties of less than 40%.

with previous BGO Ball results at 50, 100, 150, and 200

MeV [8], which reported that the p! total cross sections

were less than 0.5 mb even for the 200 MeV pions. The VI. DISCUSSION

excitation functions for the @ inclusive cross sections are

displayed in Fig. 17. Systematically, these cross sections

show an increase with pion energy and an increase with re-

spect to nuclear mass, but all are much smaller than the 3  The results of the earlier BGO experimeftis6,§| for the

cross sections, usually by a factor of 20 or more. Thus, theéargets discussed here are consistent with the measurements

contributions of these @l cross sections to thep3inclusive  reported here, with the inclusion of effects for the 25 MeV

cross sections from earlier BGO Ball work noted abp8g  threshold used in those measurements. The earlier data at 50

A. Comparisons with previous BGO Ball and LADS
measurements
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TABLE Il. Cross sectiongin mb) for pion absorption leading to 108 T T T T
different multiproton final states as described in Sec. Ill. Uncertain- ¥y v
ties are as discussed in the text. Previous BGO Ball results from o O . 28pp

Ref. [8] are given for 50, 100, and 150 MeV for comparison, ad-
justed as noted in the text.

Nucleus T, (MeV) o2F o2l % 3pln 540 Gmp
6Lj 30 16 1.7 078 061 O 17
45 14 2.3 0 16
50 24 1.9 26
60 18 15 21 1.7 04 20
75 36 21 22 1.7 0.1 38
90 50 75 47 3.1 0.2 55
100 44 9.3 53
120 61 70 79 5.9 04 69
135 96 8.8 16 11 1 113
150 52 14 66
2c 12 22 64 070 065 0 23
45 33 2.1 0 35
50 45 3.1 48
55 39 3.1 2.6 01 42
60 50 31 3.7 34 02 54
75 67 21 4.4 3.3 01 71
90 90 41 7.2 6.0 02 97
100 88 10 98
120 121 37 16 12 0.6 138
135 128 33 29 13 2.0 159
150 92 21 113
27p| 30 36 14 1.4 1.1 0 37
45 36 6.4 0 42
50 63 2.8 66
60 58 17 80 46 03 66
75 98 23 8.0 7.9 0.2 106
90 134 94 15 12 0.9 150
100 101 9.9 111
120 172 92 29 20 1 202
135 187 115 42 30 3 232
58N 30 40 16 1.9 097 © 42
45 70 10 0 80
50 83 4.2 87
60 77 33 13 7.5 05 90
75 146 47 11 6.9 0.5 157
90 171 51 18 14 1 190
100 200 19 220
120 230 124 43 33 2 275
135 243 124 66 49 4 313
150 235 43 278
208pp 30 71 24 5.7 4.0 0 77
45 77 9.8 0 87
50 111 3.0 114
60 109 40 15 13 0.8 125
75 228 73 14 12 1 243
90 249 100 21 18 1 27
100 259 11 270
120 290 116 42 35 10 342
135 315 62 55 38 7 377
150 322 30 352

101 - * —

a*

1 | | | 1 |
20 40 60 80 100 120 140 160

PION ENERGY (MeV)

FIG. 15. Inclusive ¢*,2p) cross sectionsr?P determined in
this work. Also shown are the results of Re8] for 50, 100, and
150 MeV corrected for higher multiplicity contributions. Results
measured here for deuterium are shown for comparison. Uncertain-
ties are shown for théLi and 2°%Pb data; in general, uncertainties
are less than 25%.

MeV appear to be higher than the current measurements by
perhaps 10—-20 %, but this difference lies within the uncer-
tainties of the two measurements.

In an exercise to test the effect of a 25 MeV proton de-
tection threshold on the proton spectra measured here, raw
data from the experiment were replayed with a software gate
which simulated an additional 15 MeV applied to the thresh-
old for any measured proton for tie,=90 MeV data. The
resulting measuredBspectrum was reduced by a factor of
1.9. Monte Carlo simulations of this same threshold effect
yielded a factor of 1.7, in good agreement with the results of
the test data and yielding cross sections in agreement with
those measured here.

Both these measurements and those of Ransenas.
[5,6,8 below resonance show the same systematic behavior
for the 3p inclusive cross sections, a sharp rise with energy

102 R B Lty RaGy Kaend |

IR
" ﬂii%i
%l{} o

275
10° —%
| | ] | | |

58Ni .
ZOBPb

20 40 60 80 100 120 140 160

PION ENERGY (MeV)

¥ (m

¢ « m o O

FIG. 16. Inclusive ¢*,3p) cross sectionsr®P determined in
this work. Also shown are the results of RE8| for 50, 100, and
150 MeV. In general, uncertainties are less than 25%.
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102 g T T T TABLE Ill. Estimated QDA cross sections in mb, with uncer-
: T tainties as discused in the text. Unperturbed QDA cross sections
. ] oy” and the additional QDA strength$37 are described in
- Sec. IV. Estimated total QDA cross section§P* are listed in
0 v ssﬁ: t } 3 column 5.
ey 208 M
\__CE)/ P Nucleus TA(MeV) o3t Soin oQPA
S, 100 | i { R 6 i
o) E [ 3 Li 30 13 0.30 13
i { 60 16 0.88 17
. { 75 24 4.7 29
101 e { 3 90 34 1.8 36
3 | | | 120 41 3.6 45
30 60 90 120 150 e 122 53 . 13 . E
PION ENERGY (MeV) 60 27 6.6 34
FIG. 17. Inclusive ¢ ,4p) cross sectionsr*P determined in 75 24 7.9 32
this work. Contributions from final states with five or more protons 90 34 4.9 39
are assumed negligible. Also shown are the results of [Bgffor 120 39 6.2 45
50, 100, and 150 MeV. Uncertainties are discussed in the text. 135 40 4.8 45
2p| 30 7.7 7.6 15
roughly equivalent to that seen for the 2nclusive cross 60 11 12 23
sections. In the region froffi,= 200 to 500 MeV studied by 75 17 32 49
Joneset al. [11], however, the increase is less marked. The 90 21 8.6 30
3p cross sections become nearly constant ¥€ and in- 120 16 33 48
crease from a factor of about 2 f3fNi to a factor of about *Ni 30 18 6.2 25
4 for 2%%b. At the highest energies, the 8ross sections are 60 17 17 34
about 35% of the B cross sections. Thus, throughout the 75 20 29 48
energy range from 30 to 500 MeV, th@ &ross sections rise 90 26 24 50
in importance relative to the2cross sections quite gradu- 120 27 12 39
ally, from 10-15% of the @ cross sections in the region 135 28 27 55
studied here to about twice that fraction at 500 MeV. 208pp 30 16 12 30
The LADS Collaboration has also performed a series of 60 17 16 33
systematic studies on nuclei heavier than hel[@&]. Those 75 22 25 47
measurements have been broken down into cross sections for 90 27 27 53
individual final states similar to those reported here. Com- 135 46 18 64
parisons with those results are given in Tables IV and V. The
103 s I I I I 1
fo Loy N 102 ey
[ o 12 ® 208py, X
. » 27A| f { i . ¢ i g
X { i{ - .« ¢ % %
) et Tog
£ P . oy <}
= 102 3 p{ oo ‘% - 'g ; -
o [ { - 5 § ‘} <Dcv 10 E
[ M S % % Ob * #
L] §{ * 2H . 27A|
é % o & sei
10" [T DU DU TN o 13C o 208py
0 30 60 90 120 150 180 100 TR DUUE SUUUE T
PION ENERGY (MeV) 0 30 60 90 120 150 180

PION ENERGY (MeV)

FIG. 18. Total cross sections for pion absorption resulting in
two or more protons in the final statd"P as inferred from the data
shown in Figs. 15, 16, and 17.

FIG. 19. Total cross section estimates for quasideuteron pion
absorptionsQP* as discussed in the text.
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TABLE IV. Results from this work for'?C at 120 MeV com- TABLE VI. Estimated total absorption cross sectiomsg; as
pared with results from LADS32] for N at 118 MeV. Cross discussed in Sec. VI B compared with total absorption cross sec-
sections are in mb with uncertainties in parentheses. Estimates fdions o ,,s from previous measurements. TBP are from Table II.
single proton and deuteronic final states for this work are discussediso given are estimates of the zero-proi?f, single-protons2P,

in Sec. VI B. and deuteronic final state® contributions as discussed in Sec.
VI B. Pion kinetic energyT ., is in MeV. Cross sections are in mb,
Cross section 2c N with uncertainties given in parentheses.
component (present work (LADS)
Nucleus T, o™ ¢% o' of Test Tabs
2pln 37(7) 28(3)
2p inclusive 12130) 1036) e 9 97 2 29 23 15@0 10920
3pin 12(3) 5(1) 120 138 2 34 31 2050) 166(26)2
3p inclusive 164) 17(1) ZAl 75 106 8 63 31 2160  26052°
4p 0.6(3) 0.7(1) 90 150 10 80 42 2800  28256)°
Multiproton 13430) 121(6) 25240)°
No proton 2(es _ 120 202 10 85 52  3500) 25652)°
Single proton 34es) 41(4) 34050
Deuteron 31(esh 21(2) e\ 75 157 23 124 54  3600) 521(104°
Total 20550) (esb 18210) 90 190 23 132 61 41000 552110°
421(70)2
o 120 275 24 156 80 54035 552110°
LADS results given if32] have not been corrected for de- 527(74)°

tector threshold or acceptance. Since the LADS detector subogsy) 75 243 133 388 135 O(P5  970185°
tends over 95% of the total solid andlg3], primarily the 90 271 133 392 140 94P35 1047210P
threshold corrections are of concern; those will increase the

. 16596552
cross sections reported for LADS somewhat. Nonethe_le_ss, 120 342 122 394 151 10250 1045210
such corrections are probably smaller than the uncertainties 1235230°

in the cross sections measured here and compared in Tables

IV and V. “Referencd 31].
Because single charged particle and deuteron final statéReferencd34].

were not measured here, those contributions are estimated as

discussed in the next section. For those cross sections for . .

which final states are reported here, the agreement betwe&3'lI€r measurements of the total pion absorption cross sec-

these two sets of measurements using very different tectiON @ans [31,34,33. This discrepancy can be seen in Table

niques is reasonably good. Estimates used here for singlél: where the comparison is made for pion energies at and

proton and deuteronic final states are also in reasonabRPove 75 MeV. While thes™" reported here for the lightest

agreement with the LADS results. nuclei are in rough agreement witty,s, o™P becomes pro-
gressively lower thamr,,s with increasingA. A similar dis-
B. Comparison with total absorption cross sections agreement was seen in the earlier BGO Ball wi&6]. Fur-

her, as noted above, the total multiproton emission
Absorption cross sections have a smaller mass dependence
A% than earlier estimates @&’ [31] for the total absorp-

TABLE V. Results from this work for2’Al and 5Ni at 120  tion cross sections.

There are considerable differences between the total mu
tiproton final state cross sectiors™? measured here and

MeV compared to with results from LADE32] for “°Ar at 118 The reason for this discrepancy may be attributed to that
MeV, as in Table IV. portion of the total absorption cross section which does not
involve multiproton final states. As noted earlier, measure-
Cross section 27p| 40nr 58Nj ments with deuterons in the final state could not be corrected
component (this work) (LADS) (this work) for reaction and target losses with precision. Previous mea-
surement$8,9,11,36 suggest that deuteron final states com-
2pln 92(18) 69(6) 12424 prise from 10% to 25% of the total pion absorption cross
2p inclusive 17243 19412)  230(58) section for these energies, with the average being roughly
3pln 20(5) 7(1) 33(8) 15%. For the present discussion, we assume that 15% of the
3p inclusive 297) 25(2) 43(11) cross section is attributable to deuterium final states. Further-
4p 1.05) 0.8(2) 2(1) more, in this work, contributions due to single-proton or no-
Multiproton 20244) 22012 27559) proton final states were not measured. Such states may be
No proton 10(esh — 24 (esh due to nucleon rescattering following pion absorption in
Single proton 85es) 133(11) 156 (esh which a proton transfers sufficient energy to a neutron such
Deuteron 52esh 42(4) 80 (esh that the proton falls below the detection threshold or does not
Total 35@90) (esh 39321) 540(135) (esb emerge at all from the nucleus. Such medium effects are not

included in the Monte Carlo simulations described above.
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When these contributions are taken into consideration, thgbout 16% for single proton final states’fC at 120 MeV is
total absorption cross sections could be substantially differsimilar to the 12% result noted above from Bellotti, Cavalli,
ent from the total multiproton final state absorption crossand Matteuzz[36] and the 20% result seen in Table IV from
sections. The difference seen here, then, argues strongly thafie LADS data for'*N. Furthermore, it is seen in Table VI
in addition to the contribution due to deuteronic final statesthat these additional contributions when added to the multi-
a contribution to the pion absorption process is present whichroton pion absorption cross sections measured here result in
results in one or no proton in the final state with one or moreestimated total absorption cross sections from this work gen-
neutrons, and that this process grows in importance witlerally in agreement with those measured by Asherl.
mass. Indeed, such a single proton contribution is seen in tr[@,l] and Nakaiet al. [34].

LADS results shown in Tables IV and V, accounting for  \ye note that our estimates are systematically somewhat
appro>§|mately one-fifth of the cross section in nitrogen andqgwer than the Ashergt al. measurements for Ni and Pb. A
one-third that of argon qt 118 Mev. For carbon, the bubblegjmiiar discrepancy was noted in RE82], which suggested
chamber work of Bellotti, Cavall; ?nd Matteu_z[ﬂ6] at 130_ all of the total absorption cross sections reported in Ashery
MeV also found that roughly 12% of the pion absorption o o 4re perhaps 25% too large. Refereiigg] has noted

cross sgction resulted in a single-charged-particle track aft%at part of this discrepancy may be due to the underestima-
estimating the background due to charge exchange. tion of the single-charge-exchan¢®CX) contribution in the

To estimate this missing contribution for our data, we arlier work, as a comparison between R84 and[38]
have used the following approach. The quasioptical model of, jicates. Using the newer SCX values lowers the Ashery

Vicente Vacas and Os€37] describes pion absorption o 5| total cross sections by about 10% and brings them in
through 2NA and A and includes the effects of nucleon perer agreement with the results from the results of Nakai
propagation through the nuclear medium. Final states mo 5t al, the LADS results, and those estimated here.

eled by this approach includer(N),(,2N), and (m,3N), As noted previously8], the earlier BGO Ball results at 50
and the results reported in RéB7] provide a remarkably ey are very low compared with the results of Navetral.
good description of the final state decompositions. HoweverE35] and Nakaiet al. [34]. Since this energy lies below the

the model does not explicitly account for some of the fea-y,jicapility of the Vicente Vacas—Oset model, no firm con-
tures of the absorption process, such as energy l0st 19sjon as to whether this discrepancy might be attributable
breakup of the residual nucleus into larger fragments, exciz, the single-proton channel can be made. However, the gen-
tation of the residual nucleus, or the separation energy of thg, agreement seen in the comparisons at higher energy sug-

outgoing nucleons. , __gests that some of the discrepancy might be be due to such
We have incorporated the Vicente Vacas—Oset model intg explanation.

a simulation of the BGO Ball response to pion absorption on \yhile the Vicente Vacas—Oset formalism is not appli-
the various target and energy combinations measured in thiS;pie to nuclei as light adLi, the total absorption cross
work. By incorporating this model into such a simulation, theége .tiong forSLj are most likely identical to the multiproton
predictions of the model for the relative strengths of various,,ss sections measured in this work since the contribution

final states and the shape of the summed proton energy dif, single charged particle emission was found to be only
tributions can be compared with the results found here. Th bout 10% in the case foeC.

unmod|f|hed model V\:fls Ifound 0 oge(elsélrgate the (rjauo O' " The general agreement found in these comparisons pro-
two- to three-proton final states, and yielded summed protoy; o5 5 confirmation of the validity of the optical model of

energy spectra qualitatively different from those observe icente Vacas and Oset, and adds support to the data pre-

here. However, with the addition of an empirical 20-2540h64 here. The agreement illustrated in Tables IV-VI sug-
Me_V energy loss per nucleon to account fo_r some of th ests that, at the highest energies measured here, the contri-
omissions in the model noted above, and ignoring thosg, inn 15 the pion absorption cross section from final states
nucleons whose energy fell below the energy 0SS pef i fewer than two protons increases from about one-tenth

nucleon threshold, the model gave a reasonable estimate 8# the cross section if2C to about one-third in nickel. to

the two- to three-proton cross section ratios. For instance, thgbout one-half of the cross section fPb. The variation
mbodn:ez%c;n 0??:1 yleldebd twoa th tz\reet— Tféo;\]/l rstlgs &glg in the contribution from such final states could be attribut-
aboul o of fhose observed for Ar a ev oy ‘able toNN interactions within the larger nuclei and the neu-

Furthermore, the modified model yielded good qualitative, , o cess of the larger mass nuclei. This variation in the

agreement with the observed summed proton energy SPectayative strength of final states with fewer than two protons

The resulting total absorption cross section eSt'.mateﬁwight also be couched in terms of initial and final state in-
based on the measurements made here incorporating tr}@

oy oo . ractions during the pion absorption process, but the angular
missing strength and a 15% deuteron contribution are 9Vefsolution of the BGO Ball here and the limited statistics

in Tables IV-VI. The uncertainties on the missing SUength o, the gata are broken up into rings are not sufficient to
and deuteron contribution are estimated to be on the order larify this issue

20%. The predictions for the cross sections for single-
charged-particle final states and deuteronic final states for
nuclei studied here are in excellent systematic agreement
with the measurements obtained by the LADS Collaboration The results of this work provide some insight into the
for nitrogen and argom32]. The predicted contribution of mass and energy dependences of the QDA process. Without

C. Role of quasideuteron absorption
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considering initial state interactioriSIs) and final state in- the QDA cross section estimates obtained here and the free
teractions (FSI9, the estimated total contributiofunper- 7 *d— pp reaction cross section. The ratios are roughly con-
turbed and p1n) from QDA in the light nucleuLi domi-  stant with energy for each nucleus, suggesting that the effec-
nates the multiproton final state pion absorption crosgive number of quasideuterons also remains approximately
section, going from around 100% at 30 MeV down to ap-constant with energy for each nucleus. The averages over all
proximately 65% at 135 MeV. In the heavier nuclei, how- energies for each nucleus were 87.2, 3.9-0.8, 4.0
ever, the total contribution from QDA is less significant; +1.2 4.9-1.0, and 5.7 0.6 for 6Li, 12C, 27Al, °%Ni, and
QDA accounts for between 40% and 60% at 30 MeV and208pp, respectively.

down to between 15% and 25% in nuclei from lead to car-  pqr 61 Zhang[44] calculatedn, = 3.8 as the total num-

bon, respectively, with QDA decreasing in importance Withper of possible quasideuterons which could exist based on
increasing nuclear mass. és-Zp shell model configurations coupled to the deuteron

Several works have estlmated QDA cross sections, an ngular momentum and isospin. That number agrees with the
the results found here are in general agreement with thosg erage found here fofLi. The np values determined by
. D

despite the markedly different methods and models assumegt, "=~ "+ [39] using their ¢r*,pp) data for°Li and **C

in each case. In*°C, Yokota et al. [39] determined what ; . .
would correspond to the unperturbed QDA contribution mea e considerably lower than the estimates found here, again
robably due to the deconvolution process used, but also due

sured here to be on the order of 15 mb at 70 MeV using theiP . i X
(=*,pp) data, lower than the values obtained here put© the restriction of thel'r estimate to whgt would b? unper-
within uncertainties. At 130 MeV, the same work obtainedfurbeéd QDA here. Their values farp using the r",p)

16 mb, about half of that determined here. However, theehannel, on the other hand, are about a factor of 2 higher
Yokota et al. work used a two-Gaussian deconvolution pro-than the values reported here. If their (,pp) and (@, p)
cedure for the angular distributions which most likely under-values fornp are viewed as lower and upper limits, respec-
estimates the true QDA cross section. This assessment rtively, the values found here fall into that range. While Hu-
ceives support from the more recent work by Hulkerl.  beret al. did not reportny values, the agreement of compa-
[20]. Those authors have estimated QDA cross sections afble cross sections in this work with theirs suggests
100 MeV for ¥2C, and the results found here are in generalcomparable values afp .

agreement with those. The cross section most closely related Not surprisingly, the average effective number of quasi-
to the unperturbed QDA cross section measured here wageuterons grows with increasing masssuggestive of the
their two-nucleon absorption result, labeled“@NA*" in  greater likelihood of finding quasideuterons in the heavier
their paper, found to be about 29 mb, while the correspondnyclei. This growth, however, is markedly less than might be
ing unperturbed QDA_QFOSS _sec,:pon measured here at 98ypected by simple statistical estimates of the possible num-
MeV was 34 m(l?)bAThen‘ 2NA-like” cross section is moSt per of quasideuterons. Some of this difference, particularly
comparable tar=""" here; their result at 100 MeV was 38 i the Jargest nuclei, is likely due to shadowing, though some

mb, while the result here was 39 mb. This agreement, despitg, i,y may simply be due to the effects of FSI obscuring the
various approaches used, indicates the degree to which t A signature used here

kinematical constraints imposed resemble each other an
provide some confirmation for the robustness of the esti-
mates.

Several studies have been performed below resonance on The summed proton energy spectra give considerable evi-
180 aimed at identifying the importance of QA,40-43.  dence for the presence of two-proton final states containing
Comparisons with those results can be made using the result&ie or more neutrons. While in light nuclei the lower-energy
for °C reported here. If a total pion absorption cross sectiorregion of the summed proton spectra is dominated pgr
for 12C at 60 MeV is estimated by the addition of 15% of the contributions, in heavier nuclei ap2n contribution is sug-
cross section for deuteronic final states and about 10% fagested by the phase space simulations. As noted above, there
1pX contributions, the ratio of the total QDA cross sectionis considerable ambiguity in ascertaining the strength for
obtained here to the total pion absorption cross section at 6@eutron multiplicities above 1, and onlyp2n exclusive re-
MeV is about 50%, in agreement with the large acceptancsults are reported here. However, as suggested in R&fs.
detector result of (555)% reported in Ref[9]. The same and[11], the low summed proton energy region for heavy
ratio for the observed QDA cross section at 120 MeV for ournuclei likely contains contributions from@2n final states
12C data would be about 25%, nearly the same as the agnd from final states with higher neutron multiplicities.
proximately 30% observed.e., without estimated final state Curiously, recent measuremeri2l] on '?C using the
interaction correctionsin Refs.[42,43 for 115 MeV, and CHAOS spectrometd@5] found no 21n strength whatso-
roughly consistent with the value of (38l0)% found in  ever above resonance. While their spectra are very similar to
Ref. [40] for the same energy using similar equipment butthose in previous BGO Ball studid8] and qualitatively
different assumptions about extrapolations to unmeasured rsimilar to those obtained here, their simulations indicated
gions of phase space. Considering the very different techthat the region determined to contaipth strength here and
nigues used, the agreement is quite good. in Ref. [8] was instead due to contributions from the 3

An estimate of the effective number of quasideuteronsnclusive yield in which one of the protons was missed. This
participating in the absorption process can be made using inference was based on extrapolating their observed 3

D. 2p1n and 3pln strength in positive pion absorption
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yields to their observed2 measurements in a manner simi- the reaction mechanism. With respect to the mass depen-
lar to that performed here. dence for pion absorption, the results obtained here indicate

Since the present measurements cover almost 90% of thbe cross sections for energies below th@232) resonance
available solid angle versus about 10% in the case ofre dominated by the inclusiver(",2p) channel. The mass
CHAOS, the uncertainties associated with extrapolating thelependence for that channel is described quite weAbs?,
3p measurements to reduce the observpds@ectra are con- or approximatelyyA, as was the mass dependence for the
siderably less for the present work. In particular, the extrapoeross sections for inclusiven(",3p).
lation to noncoplanar events is very sensitive to the model The energy dependence for the(,2p) cross sections is
chosen to generate those events. The greater solid angle s@omewhat steeper than that observed#6d— pp, suggest-
tended here would better ascertain the full strength of coning the presence of components other than QDA for that
tributions involving three or more nucleons than the morechannel. The energy dependence of the cross sections for
limited coverage available in CHAOS and, thus, provide adinclusive (w*,3p) and (=" ,4p) rises by over an order of
ditional support to the inference op2n strength made here. magnitude in the energy range studied. Nonetheless, phe 3

As noted above, thef@Ln contributions dominate the ob- cross sections are approximately 10—20% of tipec2oss
served p summed proton energy spectra. While thesections throughout the energy region studied here.
CHAOS measurementf21] are at energies considerably — Comparisons of these results with past BGO Ball and
above the present work, some comparisons can be examingAADS results show good agreement. The mass dependence
for the strength of the 81n contribution. The CHAOS mea- of the 2p inclusive cross sections determined here is also
surements yield a cross section for four nucleons participateonsistent with the results of Faviet al. at 165 MeV[30].
ing in the pion absorption process of around 25 mb. Sincgjowever, the cross sections of Favigral. and those mea-
the 3p inclusive cross sections continue to rise by about asured here do not include contributions from single proton
factor of 2 between the highest energy studied h&@5 final states. When such states are simulated with the Vicente
MeV) and 200 MeV(above which the B cross section re- Vacas—Oset optical model formalisf87] and folded into
mains roughly constariL1]), their results would be roughly the measurements made here along with an additional con-
consistent with scaling the results obtained heredgfs  tribution of 15% for deuteronic final states, the total cross
cross section, 13 mb, by the same factor of two. section estimates obtained are consistent with previous mea-

At these lower energies thep3n phase space is the surement$31,34,35. These estimates indicate that a portion
dominant contribution to the cross sections when more thaof the total cross section for heavy nuclei, growing with
two protons are detected in the BGO Ball. The results hereesults in final states with fewer than two protons. Such a rise
indicate this component increases rapidly with energy. Simimay be attributable to the greater neutron excess for larger
larly, Joneset al.[11] have also reported that the importance nuclei as well as the larger nuclear volume for those nuclei.
of the 3p phase space distributions increases even more at The importance of quasideuteron absorption relative to
higher energies. Magnitudes of th&C(w",3pln) total  other pion absorption mechanisms decreases Aviffihe ef-
cross sections measured here are comparable to the magfective number of quasideuterons for a given nucleus re-
tudes of cross sections for théle(w*,3p1n) reaction mea- mains roughly constant within the energy range studied here.
sured by Balestragt al. [46]. Those values were 11 mb and The effective number of quasideuterons increases only by a
12 mb at 120 MeV and 145 MeV, respectively. Recent meafactor of about 2 fronfLi to 2°Pb, a much smaller increase
surements of three nucleon pion absorption cross sections dghan a combinatorial estimate would suggest. The energy de-
3He and“He [18] are somewhat smaller than the results ofpendence of this component of the pion absorption mecha-
Balestraet al. Thus, the 3“He and '°C measurements re- nism still retains the shape of the fundamentald— pp
ported elsewhere suggest that the magnitude of §h&n3 process.
contribution increases with as seen here.
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